The extent to which skin surface bioheat perfusion predicts penile physiological response such as an erection has not been extensively investigated. A biomechanical engineering study was performed to compare bioheat distribution on penile skin surface resulting from an induced erection at steady state to examine the efficacy of such method as an adjunct tool for the diagnosis and classification of erectile dysfunction (ED) due to different etiology. We based our arguments on the principle that blood vessel activity and perfusion to corpus cavernosa at the erect state are almost always higher than that in the flaccid state. Our results showed that a difference of 0.1-0.3 1C can be observed and hence used to develop database of 'smart diagnosis' for ED using the machine artificial intelligence. It is anticipated that such basic research into blood flow is critical, as blood perfusion into corpus cavernosa is the most influential factor determining functional erectile quality contributing to successful coitus. Increased understanding of the hemodynamic response profile contributes toward optimal treatment and thus enables clinicians to adopt an appropriate management scheme for ED. 
Introduction
Erectile dysfunction (ED) is the failure to develop and maintain erections of sufficient rigidity for penetrative sexual intercourse. 1 In all cultures, the issue of ED has always been linked with masculinity; having the false believe that the capacity of a strong erection is a symbolic of strong men. The frequency of ED and its related research have not been well investigated, partially due to its sensitivity of information and respondents giving unreliable replies. The diagnosis of ED has also been held back by the lack of objective definition of the problems, and sometimes due to the reluctance of physicians and patients in carrying out certain conversations. However, the cause of ED are frequently multiple, with psychological, neurological, endocrinological, vascular, traumatic and chemical components being described. The precise role of environmental and lifestyle factors such as smoking, stress, hypertension and diabetes mellitus in the development of ED has been proposed as potential risk factors. 1 The complexity of research in the area of sexual arousal of men is probably due to erectile function, which being a function of great evolutionary antiquity is very much subjected to erotic stimuli and can diminish over habituation. Experiments with animals have shown that rams introduced to fresh partners quickly restored the rates of intercourse compared with the male exposed to the same partner all the time. Rams introduced to the same partner have a much longer time to ejaculation compared with rams introduced to different partners at the same rate. 2 Thus, ED, or many other sexual related diseases, are not always the failure of some biomechanical or biochemical process. The human sexual response is a complex, multifaceted phenomenon that is not completely, or nearly, understood by scientist or sexologist. To date, probably the most important causes of ED are impaired blood flow to the penis or excessive leakage from the penis, often both are present. With the increase of aging populations and lifestyle that constantly puts people under unbearable stress, vascular impotence will take on an ever increasing importance in urological practice.
In this paper, we aimed at presenting a comprehensive and close to actual thermo-structure or thermo-fluid flow analyses in the human penis. These investigations are not without set backs. With this we hoped to design the diagnosis system that complements the objective understanding of ED non-invasively. The physical properties of the penile tissues will also be examined to develop the partial differential equation programing using the commercial PDE calculator FEMLAB.
3 To achieve the above objective, a numerical model, which is a close representative of the actual with varying layer-thickness needs to be developed for grid generation, grid invariant test and subsequent computation. The choice of parameters is justified and results are benchmarked with the past experimental studies on human and animal penises. The model will be simulated for various conditions to see their effects on the surface temperature. The possibility of reverse engineering is further discussed.
An optimization approach based on the Taguchi method is conducted and will be proposed later. The focus is to capture the signal from the change of blood total pressure and perfusion, and minimize the effect of the other major factors that can be classified as noise. The method helps to set up a protocol to assist in accurately identifying the feature of interests, the degree of influence of blood total pressure and perfusion to ED.
Materials and methods
Background in diagnosis of ED Most men experience this inability at some point in their lives, usually by the age of 40, and are psychologically affected by it. Some men experience chronic, complete ED (impotence) and others achieve partial or brief erections. Investigation highlights that frequent ED can cause emotional and relationship-related tensions, and often leads to diminished self-esteem. 4 It has many causes, most of which are treatable. ED is not an inevitable consequence of aging. Nonetheless, considering the high incidence of ED in aging population, a further increase in patients and research activity is worthy in this area.
Statistic estimates of ED vary depending upon the epidemiologic methods used. The current global prevalence of ED is more than 150 million. Given the advancing median age in the western industrial countries, together with population growth in the developing nations, this figure is projected to increase from 152 million men worldwide with ED to more than 322 million by the year 2025. 5 In the context of Singapore, result from a cross-sectional study of 729 men aged 30 and above using International Index of Erectile Function (IIEF-5) showed that 51.3% of respondents reported some degree of ED. Primarily, although ED among men is psychogenic in origin, most patients have an organic disorder, commonly with some psychogenic overlay. The prevalence and severity increased significantly with age after 50 years and reached as high as 77.0% in those aged 70 and above. 6 Evaluation. A goal-directed approach has been successfully used for the management of patients with ED. 7 A complete diagnostic investigation must include full vascular assessment. Assessment often starts with office evaluation of the male patient with complaints of ED. The main difficulty clinicians face with office evaluation is time constraint. Problems in the area of erectile function, ejaculatory dysfunction, low libido, depression and those of the similar area need to be evaluated individually. If possible, the patients' partner should be included for their input and observations. The partner can help uncover vital psychological information that may be one of the causes of ED, such as alcohol abuse, work or relationship-related stress. As for the psychological assessments for ED, to date, there is no validation study for existing tools such as the Sexual Health Inventory for Men or IIEF and so on in the context of the Asian countries. In addition, most busy clinicians do not even utilize these tools in daily practice. 8 US regulatory agencies accepted the IIEF questionnaire as evidence of effects during the trials of sildenafil. 9, 10 Questionnaires save time and ease the discomfort of both clinicians and patients in talking about certain topics in this arena. During first consultation, patients are usually asked about their primary concerns. They are asked about the above mentioned causes to see if patients understand the true nature of sexual problems. Patients are diagnosed if they have organic or psychogenic ED. Organic ED has a gradual onset and is independent of any situation (thus morning erections, masturbatory erections or sexually stimulated erections will be equally poor). Organic ED is usually associated with cardiovascular diseases or medications. Rapid ejaculation usually has ED as well. These men learn to ejaculate rapidly due to the impending loss of erections. Correction of ED usually corrects the other abnormality in such cases. Udelson et al. 13 investigated and showed that the physical determinant of penile rigidity has been penile tissue material properties. First part of their study defined two parameters namely the cavernosa expandability X and tunical distensibility V E /V F to develop an analytical expression for penile volume as a function of these two tissue characteristics and intracavernosal pressure. This preliminary work led them to their second part of study in expressing penile rigidity, which is the crucial factor for successful resistance to bending or flexural stiffness to be expressed as a function of pressure, geometry and tissue qualities. 14 In the second part of their study, the group showed pressure-volume data (pressure, geometry and tissue characteristics) obtained during erectile function testing and predicted the theoretical magnitude of clinically measured penile buckling forces. For the third part of their study, the group proposed a new diagnostic algorithm based on the determinants of their preliminary studies; relating penile rigidity not only on intracavernosal pressure but also on penile geometry and erectile tissue properties. 13 Other diagnostic tests have been employed to evaluate ED. Some of the techniques did not gain clinical popularity either due to their cost being too high or them being too invasive. The invasive techniques introduced to measure the physiological markers of sexual arousal in men include penile plethysmography, rigiscan monitoring, and Doppler ultrasonography; and for women, vaginal photoplethysmography is the gold standard, although the use of pelvic magnetic resonance imaging, labial thermistors and photoplethysmography, clitoral ultrasonography and the heated oxygen electrodes have been reported. 15 None of these technologies, however, can be used concurrently for both genders. These devices are potentially intrusive and require genital contact or insertion, either by the participant or by an experimenter. This intrusiveness would affect the actual experience of arousal in a variety of ways for different participants. 16 Quantitative difficulties in interpreting the data between subjects from existing measures also arise due to lack of an absolute measurement scale. For penile plethysmography and rigiscan monitoring, effort to correlate quantitatively the output measures with clinical criterion of penile rigidity gave mixed results, 15 thus difficult to use contact measures to establish diagnostic criteria, which require between-subject comparability and standardization for normal anatomical variation (both interior and exterior) including size and length in particular.
Non-invasive remote sensing such as the latest infrared (IR) 17 and laser Doppler perfusion imaging (LDPI) 18 technologies have the capability to address the methodological problems associated with the invasive approaches since (i) it is non-contact and dealt with passive IR radiation; (ii) it allows screening for both genders and (iii) it provides an absolute temperature (IR) or relative blood flux (LDPI) measure. In all, genital temperature increase in both genders appeared to be specific to sexual arousal induction and was significantly correlated with subjective self-report or ratings. Masters and Johnson 19 in 1966 found that both genders would show similar patterns of temperature change that are consistent with the traditional model of the sexual response cycle. In 1971, Gaskell described first noninvasive test of penile arterial inflow using a photometer to quantify the absorption of light by the pigment oxyhemoglobin. 20 Burnett et al. 21 described the use of a Doppler stethoscope to measure penile blood pressure in flaccidity, compared it with systolic brachial pressure and yielded the penile/ brachial index. Schwartz et al. 22 compared the penile brachial index and angiography by evaluating the corpora cavernosa arterial inflow. Thereafter, in 1985, Lue et al. 23 introduced the technique of highresolution sonography and quantitative Doppler spectrum analysis, allowing a real-time imaging of the central cavernous arteries, with measurement of dynamic changes in the cavernous arterial diameter. Michal and co-workers modified the index with a dynamic component by adding lower extremity and pelvic musculature exercises with Doppler stethoscope auscultation before and after exercise. 24 A very interesting survey of 3000 European urologists on diagnostic strategies for ED was conducted in 1990 as to how they managed ED. 25 The study had found that urologists in European countries routinely investigate the etiology of ED by performing hormonal screening. The second most commonly performed test is in-office intracavernous injection. The preferred radiological investigation is duplex Doppler combined with intracavernous injection, which is performed by 30-65% of urologists. The remaining investigations are performed with much less frequency: these are nocturnal penile tumescence and rigidity testing (12%), visual
Penile thermal-hemodynamic modeling WK Ng et al erotic stimulation (6%) dynamic infusion cavernosometry/cavernosography (6%), electromyography (6%), and psychological assessments (16%).
Indisputably, arteriography provides the best anatomical and functional information about the origin of ED. However, to date, these data have not been able to correlate with patients' ED diagnosis strongly. 26 All too often, penile response is suboptimal, leaving the clinician wondering whether the patient has severe arterial insufficiency, venous leakage or high degree of anxiety. While an anal probe capable of measuring vascular and muscular activity during sexual arousal is available, it is rarely used in research, especially in Asia, due to the stigma evoked. 27, 28 Wespes and Schulman 29 have found that normal anatomical variation may also interact with these other problems. For example, penile size differences cannot be easily calibrated between subjects using regiscan monitoring. 29 Internal anatomical differences can further lead to misinterpretation of ultrasound diagnosis. 30 Each of the above-mentioned technologies has significant limitations; thermal imaging has emerged and has the capability to address the methodological problems mentioned above. Thermography is non-invasive, real-time functional, does not require genital contact and is capable of providing an absolute surface temperature measurement based on physiological changes instead of anatomical differences. The first recorded use of thermobiological diagnostics can be found in the writings of Hippocrates around 480 BC. Changes in the core temperature or surface temperature of the skin are a useful indicator of a bodily dysfunction. The technology works on the principle that the human body surface, the skin, is an efficient radiator that is very close to a perfect black body. The human body is homeothermic and requires variable degrees of heat exchange with the environment as part of the normal thermoregulatory process. Most of this heat transfer occurs in the IR, which can be imaged by electronic thermal imaging by remote sensing.
The objective of this study is to examine the efficacy and present the application of IR thermography in the evaluation of penile hemodynamics. The numerical study, on the other hand, can be considered as a realistic prediction of the theoretical soundness of the method before the actually clinical trial. The technical aspect as well as a derivation of the governing bioheat equation is presented later; areas of controversy are explored and the limitations and validity of the tests are discussed.
Theoretical foundations of the penile IR thermography study: bioheat transfer and its application in erectile physiology Biological tissues contain dispersed cells separated by voids. Blood enters these tissues through arteries and is perfused to the tissue cells via capillaries. This blood can then be collected and pumped back to heart via the veins. The energy transport within this tissue is usually expressed by the bioheat equation.
The earliest bioheat equation was developed by Pennes in 1948. 31 Pennes considered a continuum model and examined the interaction of heat transfer between tissues due to the presence of two heat sources. It does not take into account the effect of vascular geometry on the heat exchange. The vascular models like the one proposed by Baish discussed exactly the same, except that Baish formulated the bioheat transfer equations using complex and statistics-based model and considered simulation of a realistic vascular tree containing all thermally significant vessels. 32 Weinbaum and Jiji in 1985 developed a model for microvascular bloodheat transfer using a different approach; they related the blood tissue energy exchange to microvascular geometry. 33 It was found that the net heat exchange was the heat loss between the two countercurrent paired vessels to the tissue. This is valid when arteries and veins are close, leading to negligible blood perfusion effects. Song and Weinbaum also utilized an effective conductivity as a function of the perfusion rate. 34 Wissler, in 1987, further commented and avoided the assumptions of Weinbaum and Jiji. 33 In 1997 Weinbaum et al. 34 derived a new simplified perfusion source term to describe the effect of blood tissue perfusion on heat transfer. 35 They took into account the countercurrent thermal equilibration in a new vascular heat transfer unit. This model combined the basic Pennes equation and the Weinbaum-Jiji countercurrent heat exchange mechanism. The new term introduced accurately determined the temperature difference between countercurrent artery and vein and also related to the vascular geometry. This development made Pennes equation applicable to muscle tissues.
However, Wissler re-evaluated Pennes data and model in 1998 with the improved computational tools and concluded that much of the criticism that has been directed toward the model is not substantial. 36 He added that theoretical calculations based on the Pennes model are valid as the model provides a good standard of alignment with the experimental data. 37 In addition, Charney revisited Weinbaum-Jiji's countercurrent model and Pennes' model, and performed a comparison with the experimental results of Pennes. 38 It was found that the results from the Pennes' model are valid for initial branching of large microvessels from the countercurrent vessels (diameter 4500 mm) in deep tissue, where the microvessel blood temperature, T is close to the arterial temperature, T a . Charney attributed this result to the collective contribution of numerous smaller thermally significant vessels in a region dominated by the large microvessels. The ratio r was used to distinguish the thermal significance of the vessel and was defined as follows
Thermal equilibrium length is defined as the length in which the difference between the blood and tissue temperature decreases to 1/e of the initial value, where e ¼ 2.718.
As such it appears that the Pennes' bioheat equation is applicable to regions where the vasculature comprises numerous small thermally significant vessels (r ¼ 1).
An IR non-invasive blood temperature monitoring technique greatly depends on the accuracy of the heat transfer model that is used for its design. As a first step, we developed a corporal body model (Figure 1) , which was close to the actual as shown in Figure 2 . A general solution of the equation was not possible, since the anatomy of corporal tissue was rather too complex and beyond mathematical description (and not realistic since anatomical variation is not uncommon among men). We modeled a cross-sectional view of corporal body as quarter of a circle in erected condition, with various layers of unequal thicknesses as shown in Figure 1 . Penis was assumed to be of cylindrical shape, with a 0.2 cm subcutaneous layer, followed by the tunica albuginea and sinusoids of varying shapes and sizes (Figure 2) . The external tissues such as foreskin or scar are not modeled for numerical simulation due to its added complexity in surface temperature. The penis diameter was assumed to be 3 cm. This size is the average size of an Asian man's penis. The model was assumed to be symmetrical and therefore only 1/4 of the geometry was shown to reduce the computational cost. Figure 2 shows the zoom-in view of the corpus cavernosa at erect state, whereas Figure 3 is the corresponding geometry developed and modeled into PDE calculator for simulation.
An artery of 3.6 mm was artificially inserted and was tagged in such a way that the blood flows into the sinusoidal space homogeneously. The urethra was also left out on purpose as urethra does not have significant effect on erectile function taken by IR Figure 1 Paired dorsal and cavernosal arteries run along giving multiple circumflex branches and supplying blood to the penile tissues. 39 Figure 2 Zoom-in view of the corpus cavernosa at erect state. 39 Penile thermal-hemodynamic modeling WK Ng et al thermography. In this preliminary study, the program was run to test the feasibility of the numerical model and to record information such as the flow patterns and temperature profiles during erection.
Analysis of blood hemodynamics
Laminar flow convection was assumed in the large blood vessels. The tube elasticity was neglected for simplicity by assuming that blood vessels are rigid and blood flow is incompressible Newtonian fluid. The fluid density was also assumed to vary slightly with temperature but negligibly with pressure. Thus, r ¼ r 0 ð1 À aðT À T 0 ÞÞ ð1Þ
where r denotes blood density and T temperature. r 0 is the fluid density at temperature T 0 at sinusoidal space and a the coefficient of linear thermal expansion of the fluid (which we assume to be water at 37 1C). Due to the small change observed in the density, the variable r is assumed to be r 0 at all places except in the gravity term. The blood flow and heat transfer in the corpus cavernosa were expressed by the non-linear NavierStokes equations and the classical Pennes bioheat equation based on porous media. The corresponding set of equations can be written as:
The mass and momentum equations in the whole area have the forms of:
The energy equation in the sinusoidal space can be written as follows:
where u denotes blood velocity vector in the x and y directions. Subscripts t and b denote time derivatives and blood, P the pressure and Z, k, c p denote fluid dynamic viscosity, thermal conductivity and specific heat at constant pressure, respectively. The Pennes bioheat equation based on porous media is taken from 40, 41 as follows:
The correction factor b is assumed as unity under Pennes assumptions while it is less than one in real application. d is also assumed as unity following the assumption that the blood vessels are equally spaced. Equation (5) then becomes
The volumetric blood perfusion in the Pennes equation is assumed to be a function of the calculated blood velocity and it is approximately equal to
The porosity term e accounts for the sponge-like corpus cavernosum. However, due to the lack of literature data and the wide difference in terms of geometry of penises, we proposed to omit this term for the current computation. Since we also chose to model the zoom-in view, we can thus include this effect in the geometry of the model instead of in the governing equation. With the above assumptions, Equation (6) becomes the classical bioheat equation.
The following assumptions were also further made:
1. The simulation was run at steady state. 2. The physical properties were constant (isotropic within the same layer of tissue), density variations relevant only in the buoyancy terms. 3. Blood exhibits Newtonian behavior. 4. The porosity has already been accounted in the geometry. Therefore, the term e is omitted in the bioheat equation. 5. Artery temperature is uniform throughout tissue.
Model coupling
In order to solve the above mentioned hyperthermiatissue-blood flow interaction problem formulated above weak coupling was employed. The numerical scheme is illustrated in Figure 4 . First, the blood pressure and flow rate in different vessels were computed through the blood circulation model of the penis. The blood perfusion rate at steady state was obtained and transferred to the FE thermal model. The system then calculated the temperature and transferred the resulting temperatures to the blood circulation model. The cycle continues till steady state is reached based on blood velocity variation less than 10 À5 m s À1 . At steady state, the temperature, blood flow profile and the pressure in different locations are obtained for analysis. The boundary conditions were tagged in such a way that the blood flows from the artery inlet in the direction outward to the skin. The blood temperature was set at 310.15 K and the outer boundaries were symmetrical as described with the following convection equation:
where h ¼ 13.5 W/m 2 K and T inf ¼ 294 K.
Physical and physiological parameters
To calculate the variation of temperature and blood flow in an erected penis, we required (a) relevant parameters to solve the blood perfusion and (b) thermophysical parameters for the thermal model. The parameters to calculate blood perfusion are compiled from data provided by Ng et al., 42 He et al., 43 and Avtar and Srivastava. 44 The heat transfer coefficient at the surface of the penis is calculated by a standard heat transfer correlation for spheres, which is 458 W m À2 K À1 when the temperature of cooling water is 10 1C. Since this method is still in its infancy, the amount of data available is very limited. The heat generation terms of each tissue were assumed as 368 and 273 W m À3 for corpus cavernosa and tunica albuginea, respectively. This assumed that the corpus cavernosa and tunica albuginea have the metabolic heat generation similar to that of the tendon. 45 The total pressure was also assumed to be 80 mm Hg as this is the minimum pressure experimentally to achieve full erection. 46 In all cases, full erection is assumed to be erection to an angle of or more than 90 degrees was sought. Blood temperature was assumed to be 37 1C. Table 1 lists the thermophysical property values used in this analysis.
Results and discussions
Different regions of the tissues were assumed to be perfectly bonded with each other to allow a continuous flow of heat flux across them. The cross-sectional diagram of the penis (Figure 2 ) at erect state illustrates the mechanism of venous occlusion, which is activated by distension of the venous sinusoids. Compression of subtunical Figure 2 . Once the image is completed, its two-dimensional projection is exported into FEMLAB 3, a PDE calculator, and fine tuned to suit its computational model. FEMLAB is an advanced software package for modeling and simulation of any physical process one can describe with partial differential equations.
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FEMLAB has built-in high-performance state-of-theart solvers that address extremely large problems and yet quickly yield accurate results. Finite element model is obtained by solving Equations (1-4 and 8) . The discretized computational model of the cross-section of the penis is shown in Figure 5 . In order to gain a good mesh invariant analysis, the program was executed with several element numbers until a mesh independent solution was achieved. The temperatures were recorded at a specific location by running the model at different mesh density. The result of mesh-independent study is presented in Table 2 and Figure 6 . To achieve a balance between accuracy and computational course, mesh size of 6946 with confidence level of 0.05 was chosen.
Computed results for a normal case are illustrated in Figures 7 and 8 . Figure 7 shows the predicted temperature and total isobars contour lines at steady state for an erect penis. To the contrary, the model was run at flaccid state to examine the robustness in demonstrating the temperature difference captured at the skin layer. Sampling points were taken at the specified coordinates marked Â 1, Â 2, Â 3 and Â 4 in Figure 3 to see the different temperatures at various locations. The coordinates for these points are (0.006, 0.009), (0.007, 0.008), (0.008, 0.007) and (0.01, 0.005), respectively. The result was included in Table 3 . A temperature difference of approximately 0.1-0.3 1C was observed at all the locations. We can conclude that the temperature is generally higher in the erect state than in the flaccid state due to a higher blood flow. Figure 8 also presents the temperature difference mapped over the skin layer at different total pressure. It can be seen that for higher pressure the surface temperatures are higher. This plot indicates the ability of the model to identify the effect of pressure over surface temperatures. This opens up the future possibility of using this model to study the effect of blood pressure on erection quality through their correlations with surface temperatures. Many studies have been conducted experimentally to record the pressure of the internal pudendal artery as well as pressure within the corpus cavernosa. The tumescence of the corpus cavernosum was found to be a result of active relaxation of sinusoidal spaces, active arteriolar dilatation and active venous constriction. 46 Pressure is also one of the most important parameters in determining the correlation of other diseases such as hypertension, 47 aging 48 and diabetes 20 as a concomitance of ED.
In studying the effect of blood perfusion, which is closely related to blood systolic pressure and velocity, based on the result we obtained we can calculate the perfusion at the corpus cavernosa to study erection. Few investigators who have performed experimental work on perfusing the adult penis have observed that the flow rate necessary to maintain erection was less than that to induce it. Newman, Northup and Devlin reported a maintenance rate of 12 ml min À1 and an induction rate of 20-50 ml min À1 . 45 Michel et al. 49 revealed a maintenance rate of 50-70 % and an induction rate of 45-170 ml min
À1
, and Wagner and Greene 50 documented a maintenance rate of 30-50 ml min À1 and induction rate of 45-65 ml min À1 . The mechanism for these differences has not been forthcoming. Data were collected from both cadaver as well as the living.
Based on our simulation result, we ran the model by imposing physical conditions of an erected penis at steady state and obtained perfusion rate of 52 ml min À1 . Our result agreed with the data from Figure 5 Discretized geometry of the computational model used in this study. Penile thermal-hemodynamic modeling WK Ng et al the literature. We did not compare temperature but instead, compared perfusion because to date, to the authors' best knowledge, the study of surface temperature as a diagnostic modality is still first of its kind. Temperature has been used for the detection of urological diseases, [51] [52] [53] but none of these studies worked on ED. It would be desirable to study the clinical significance of the magnitude of the differences between flaccid and erect penis, for it may be significant in the therapy of impotence due to excessive venous outflow.
Conclusion
Some preliminary research reviewed many usages (and hence the limitations) of thermography in 
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Confidence Level % Figure 6 Convergence of surface temperature in terms of confidence level vs element number. Penile thermal-hemodynamic modeling WK Ng et al biomedical fields. Although IR thermography is new in the diagnosis of ED, but due to the variations in blood flow, and these in turn affecting the skin temperature, IR imaging offers a useful and noninvasive approach to the diagnosis and treatment (as therapeutic aids) of ED. In this preliminary study, we have proposed a close to actual numerical model based on thermography for the eventual diagnosis of ED. Two-dimensional penis flaccid and erect models were developed using FEMLAB software. On the other hand, LDPI is a recent development in the field of laser Doppler flowmetry. Established applications include assessment of breast skin blood flow, skin burn and systemic sclerosis. Preliminary research results have showed that LDPI could provide an objective and specific assessment of bioheat perfusion. Another usability aspect discussed by Ng and Fok 54 also promised intelligent management of the LDPI results to facilitate the prescription of treatment. Our results show that there is a possible relationship between surface temperatures of the penis and erection quality, and our model is robust and capable of capturing them. Thermography can be a fast, non-invasive, economical tool to screen for organic ED, and may be used as a suitable complementary follow-up tool.
To benchmark our numerical modeling results, we proposed an on-site study to compare the surface temperature and flow patterns for patients with normal erectile function and subjects diagnosed with ED by collaborating with urologists in the hospital for consistency. This intent of the multistudy engineering investigation of penile hemodynamic and fluid dynamic parameters will be shown in part II of this research. Following the simulation results and clinical data, it is our hope to develop the algorithm for the objective of diagnosis and characterization of ED based on an intelligent theoretical algorithm, using reverse engineering, also known as the 'thermal texture mapping'. The result thus far shows great promise and a large-scale clinical trial for this novel method has been undergoing in the collaborating hospital. 
